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(57) ABSTRACT

A synchronous boost DC/DC conversion system comprises
an mput for recerving a DC input voltage, an output for
producing a DC output voltage, a power switch controllable
to adjust an output signal of the conversion system, and an
inductor coupled to the input. A synchronous rectifier 1s con-
figurable to create a conduction path between the inductor
and the output to provide the inductor discharge. A control
circuit 1s provided for controlling the synchronous rectifier as
the mput voltage approaches the output voltage, so as to
adjust average impedance of the conduction path over a dis-
charge period of the inductor.
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SYNCHRONOUS RECTIFIER CONTROL FOR
SYNCHRONOUS BOOST CONVERTER

TECHNICAL FIELD

The subject matter of this disclosure relates to power sup-
ply circuits, and more particularly to circuitry and methodol-
ogy for controlling a synchronous rectifier in a synchronous
boost converter.

BACKGROUND

In a conventional boost converter, the voltage Vout at its
output 1s generally significantly larger than the voltage Vin at
its input. Pulse Width Modulation (PWM) 1s used to control a
power switch of the converter to regulate the output voltage
Vout. In steady state operation, the duty cycle D of the power
switch 1s given by:

_ Vour— Vin

Vout

As the mput voltage Vin approaches the output voltage
Vout, the duty cycle D decreases to zero. However, 1n prac-
tice, all physical converters have some finite minimum on-
time. In voltage mode control, the minimum on-time can be
made quite small, but 1n current mode control, the minimum
on-time 1s generally significantly longer because 1t includes a
blanking period and a delay period of the current sensing
PWM comparator. Typically, in current mode control, the
minimum on-time 1s at least 50 ns and 1s often 100 ns or more.
Eventually, as Vin approaches Vout, the minimum on-time
becomes too large to create the required duty cycle. At this
point, the boost converter will begin bursting on and off to
achieve the required small duty cycle on average by alternat-
ing periods with no switching and periods of near minimum
duty cycle switching. However, since the mput-output volt-
age difference 1s very small, the inductor discharges very little
during the synchronous rectifier on-time. As a result, the
inductor current builds up during each near minimum on-time
pulse of the power switch, but discharges only slightly during
the remainder of the period. Over the course of the several
switching cycles 1n a burst, the inductor current builds up
significantly, and then discharges to the output during the
non-switchung part of the burst. This leads to large inductor
current excursions and substantial output voltage ripple.

FIGS. 1A-1D illustrate simulation of a conventional syn-
chronous boost converter exhibiting this bursting behavior 1in
low overhead operation. In this example, Vin=3.95V and
Vout=4.00V. Other parameters of the converter are selected as
tollows: inductance of the inductor 1s equal to 4 uH, capaci-
tance of the output capacitor 1s equal to 4.7 uF, switching
frequency 1s 1 MHz, and the minimum on-time period 1s 90
ns. At the left edge of the plot, the output voltage Vout (FIG.
1A) begins above the 4.0V regulation voltage and gradually
falls below the regulation voltage. At this point, the voltage
Vcomp (FIG. 1C) at the output of the error amplifier ramps up
sharply and the power switch begins turning on for short
durations, near the minimum on-time of 90 ns, as 1llustrated
by switch voltage Vsw 1n FIG. 1B. After several cycles, the
inductor current I, (FIG. 1D) has built up substantially due to
the very small slope of the inductor discharge (which 1s due to
the fact that there 1s only a 50 mV voltage across the inductor
during this portion of the switching period). Eventually, the
increased inductor current drives the output voltage up and
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the error amplifier output decreases. Once the commanded
on-time of the power switch falls below 90 ns (the minimum
on-time), all switching stops and the inductor discharges its
built-up current into the output causing the output voltage to
substantially over-shoot the regulation voltage. This behavior
generally leads to undesirably large output voltage ripple.

The point of onset of this behavior 1s dependent upon the
power switch minimum on-time, the total series resistance of
the inductor discharge path (inductor resistance and synchro-
nous rectifler resistance), and the switching Irequency.
Higher series resistance will improve the situation by provid-
ing greater reverse voltage to reset the inductor current during
the discharge phase. Higher switching frequencies increase
the likelihood of this problem since the same minimum on-
time translates into a larger duty cycle given the shorter
switching period.

Currently, some of the synchronous boost DC/DC convert-
ers manufactured by Linear Technology Corporation, the
assignee of the present application, eliminate this problem by
completely disabling the synchronous rectifier when the over-
head voltage (Vout—Vin) 1s less than some small threshold
voltage (e.g. 200 mV). This threshold 1s chosen as the over-
head voltage that still provides sufficient reset of the mnductor
current 1n the worst case. With the synchronous rectifier dis-
abled, the reverse voltage across the inductor 1s increased
substantially, resulting in sufficient inductor discharge during
cach cycle to eliminate the undesired bursting behavior. In
addition, with the synchronous rectifier disabled, the effective
output voltage 1s greater, thereby requiring the converter to
run at a duty cycle that 1s greater then the minimum on-time.
The disadvantage of this approach is that it results 1n a drastic
drop 1n efficiency at the point where the synchronous rectifier
1s disabled.

It 1s noted that the bursting behavior described above
resembles the pulse skipping behavior of DC/DC converters
operating 1n a discontinuous conduction mode at a light load.
However, 1n the case of converters operating 1n a discontinu-
ous conduction mode, the minimum on-time 1s reached due to
a light load rather then due to the mput voltage being close to
the output voltage. Also, 1n a discontinuous conduction
operation, the pulse skipping behavior does not result 1n a
significant output voltage ripple since the inductor 1s fully
reset each switching period and the inductor current 1s not
able to build up as 1t does 1n low overhead operation. Gener-
ally, pulse skipping due to deep discontinuous operation 1s not
a significant performance problem, unlike the bursting in low
overhead operation of boost converters.

Hence, 1t would be desirable to eliminate the low voltage
overhead bursting behavior of boost converters and 1ts asso-

ciated current and voltage ripple while still maintaining high-
eificiency operation.

SUMMARY OF THE DISCLOSUR.

L1l

In accordance with the present disclosure, a synchronous
boost DC/DC conversion system comprises an input for
receiving a DC put voltage, an output for producing a DC
output voltage, a power switch controllable to regulate an
output signal of the conversion system, and an inductor
coupled to the input. When the power switch is on, the output
1s 1solated from the 1nput, and the input voltage charges the
inductor increasing the current flowing through it. A synchro-
nous rectifier 1s configurable to provide a conduction path
between the inductor and the output to discharge the inductor
when the power switch 1s off. A control circuit 1s provided for
controlling the synchronous rectifier as the mmput voltage



US 8,063,015 B2

3

approaches and exceeds the output voltage, so as to adjust the
average impedance of the conduction path over a discharge
period of the inductor.

In particular, the control circuit may continuously or incre-
mentally increase the average impedance as the input voltage
approaches and exceeds the output voltage.

In accordance with one aspect of the disclosure, the control
circuit may adjust the average impedance 1n accordance with
a difference between the output voltage and the input voltage.

In accordance with another aspect of the disclosure, the
control circuit may be configured to adjust the average imped-
ance 1n accordance with a conduction period of the power
switch.

The synchronous rectifier may comprise a synchronous
switch provided between the inductor and the output. The
control circuit may gradually reduce a conduction period of
the synchronous switch as the input voltage approaches and
exceeds the output voltage.

If the synchronous switch contains a MOS element, the
control circuit may gradually decrease a gate-to-source volt-
age of the MOS element as the input voltage approaches and
exceeds the output voltage.

If the synchronous switch contains a P-Channel MOSFET
clement, the control circuit may turn on the switch on for a
portion of the cycle. During the remainder of the cycle, the
gate of the MOSFET element may be connected to recerve the
input voltage, 1n this manner ensuring suilicient voltage drop
to reset the mductor current.

In accordance with an embodiment of the disclosure, the
control circuit may supply a pulse-width modulation (PWM)
signal to the synchronous switch so as to reduce a conduction
period of the synchronous switch as the mput voltage
approaches and exceeds the output voltage.

In particular, the control circuit may comprise a pulse
width modulator for producing the PWM signal having a duty
cycle variable with a threshold voltage that corresponds to a
difference between the input voltage and the output voltage.
The threshold voltage may be proportional to a difference
between the input voltage and a sum of the output voltage and
an olfset voltage. The control circuit may comprise a
transconductance amplifier for generating output current pro-

portional to the threshold voltage.

The pulse width modulator may comprise a comparator for
comparing a sawtooth signal with a signal corresponding to
the threshold voltage to produce a signal for controlling the

synchronous rectifier.

In accordance with another embodiment, the control cir-
cuit may comprise multiple switching elements controllable
in accordance with a difference between the output voltage
and the mput voltage. The switching elements may be con-
trolled 1 accordance with data 1n a look-up table containing,
control values corresponding to predetermined differences
between the output voltage and the input voltage.

In accordance with a further embodiment, the control cir-
cuit may disable the synchronous rectifier for duration of time
corresponding to a conduction period of the power switch. In
particular, the synchronous rectifier may be disabled for dura-
tion of time proportional to a difference between the conduc-
tion period of the power switch and a pre-set time period.

In accordance with a method of the disclosure, the follow-
ing steps are carried out for converting a DC input voltage into
a DC output voltage using a power switch, inductor and a
synchronous rectifier:

controlling the power switch to adjust the output voltage,
and
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as the input voltage approaches the output voltage, adjust-
ing the average impedance of the synchronous rectifier over a
discharge period of the inductor.

The average impedance may be adjusted in accordance
with a difference between the output voltage and the input
voltage.

Alternatively, the average impedance may be adjusted 1n
accordance with a conduction period of the power switch.

The average impedance may be adjusted so as to continu-
ously or incrementally increase the average impedance as the
input voltage approaches and exceeds the output voltage. In
particular, a conduction period of the synchronous rectifier
may be gradually reduced as the input voltage approaches and
exceeds the output voltage.

Additional advantages and aspects of the disclosure will
become readily apparent to those skilled 1n the art from the
tollowing detailed description, wherein embodiments of the
present disclosure are shown and described, simply by way of
illustration of the best mode contemplated for practicing the
present disclosure. As will be described, the disclosure 1s
capable of other and different embodiments, and its several
details are susceptible of modification 1n various obvious
respects, all without departing from the spirit of the disclo-
sure. Accordingly, the drawings and description are to be
regarded as 1llustrative in nature, and not as limitative.

BRIEF DESCRIPTION OF THE DRAWINGS

The following detailed description of the embodiments of
the present disclosure can best be understood when read in
conjunction with the following drawings, in which the fea-
tures are notnecessarily drawn to scale but rather are drawn as
to best illustrate the pertinent features, wherein:

FIGS. 1A-1D illustrate simulation of a conventional boost
converter operating 1n a low overhead condition.

FIG. 2 shows a block-diagram of an exemplary synchro-
nous boost DC/DC converter in accordance with the present
disclosure.

FIGS. 3A-3C show wavetorms 1llustrating operation of the
boost converter 1n accordance with the present disclosure.

FIG. 4 1llustrates an exemplary embodiment of a circuit for
controlling a synchronous rectifier 1n accordance with the
present disclosure.

FIG. 5 1llustrates another exemplary embodiment of a cir-
cuit for controlling a synchronous rectifier in accordance with
the present disclosure.

FIG. 6 illustrates a further exemplary embodiment of a
circuit for controlling a synchronous rectifier in accordance
with the present disclosure.

FIG. 7 shows waveforms 1llustrating operation of the con-
trol circuit 1n FIG. 6.

FIGS. 8A and 8B illustrate performance enhancement of
the boost converter of the present disclosure compared with a
conventional boost converter.

FIGS. 9A-9C 1llustrate operation of the boost converter of
the present disclosure in response to a change 1n the input
voltage from 3.95V to 3.7V.

FIGS. 10A-10C 1llustrate operation of the boost converter
of the present disclosure in response to a change 1n the mnput
voltage from 3.95V to 3.5V.

FIGS. 11A and 11B 1illustrate operation of the boost con-
verter 1n response to a change in the series resistance of the
inductor discharge path.

(Ll

DETAILED DISCLOSURE OF TH.
EMBODIMENTS

The present disclosure will be made using specific
examples of circuits for controlling conduction of a synchro-
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nous rectifier in a synchronous boost converter when the input
voltage approaches and exceeds the output voltage. It will
become apparent, however, that the concept of the disclosure
1s applicable to any circuitry for controlling the average
impedance of a synchronous rectifier 1n a switching circuit.

FI1G. 2 shows a conceptual block diagram of a synchronous
boost DC/DC converter 10 of the present disclosure that
produces an output voltage Vout at 1ts output in response to an
input voltage Vin supplied to 1ts input. The boost converter 10
comprises main power switch SW1, synchronous rectifier
SW2, mductor L and output capacitor C. The main power
switch SW1 1s controlled by teedback control circuit U1 that
adjusts the duty cycle of SW1 in order to regulate or otherwise
control the output voltage. For example, the control circuit U1
may use voltage mode control or current mode control for
adjusting the output signal of the converter 10. The synchro-
nous rectifier SW2 may be a switch arranged between the
inductor L and the output to provide a low-resistance conduc-
tance path across an inductor discharge circuit of the boost
converter 10 for improving 1ts power conversion elficiency.
The main switch SW1 and synchronous rectifier SW2 may be
implemented using such controllable elements as MOSFET
transistors, DMOS transistors, and bipolar transistors. For
example, the main power switch SW1 may be an N-channel
MOSFET switch, and the synchronous rectifier SW2 may be
a P-channel MOSFET switch.

Impedance Z1 may be connected 1n parallel to the synchro-
nous rectifier SW2. The impedance Z1 may be larger than the
impedance of the synchronous rectifier SW2 when SW2 1s 1n
a conducting state. If SW2 1s implemented as a P-channel
MOSFET element, Z1 may be the body diode of the MOS-
FET element. Also, Z1 may be implemented as a fixed resis-
tance, an electronic switch, a combination of individual
impedances, such as a diode 1n series with a resistance, or any
other shunt that provides a current path having impedance
greater than the impedance of the synchronous rectifier SW2
when SW2 1s 1n a conducting state.

Alternatively, the converter 10 may operate without the
impedance Z1. In particular, if SW2 1s implemented as a
P-Channel MOSFFET, 1t may be configured such that during
the SW2 switch off-time 1ts gate 1s tied to Vin. In this manner,
SW2 itsell, rather than an external path, provides a high
impedance discharge path to reset the inductor current.

Control circuit U2 may adjust the average impedance of the
conduction path created by the synchronous rectifier SW2
between the inductor L and the output to provide discharge of
the inductor L. The average impedance may be defined as an
average value of the conduction path impedance over a dis-
charge period of the inductor L. If impedance Z1 1s connected
across SW2, U2 may adjust the average impedance of the path
provided by the parallel combination of SW2 and Z1. As
discussed 1 more detail later, as the input voltage Vin
approaches and exceeds the output voltage Vout, the circuit
U2 incrementally or continuously increases the average
impedance between points P1 and P2 (FIG. 2) 1 order to
ensure suificient reverse voltage to reset the inductor current.
The impedance adjustment may take place 1n a closed-loop or
open-loop fashion. If the rectifier SW2 1s a MOSFET switch,
the circuit U2 may gradually decrease the gate-to-source
voltage applied to the MOSFET element as the input voltage
approaches and exceeds the output voltage.

Alternatively, the synchronous rectifier SW2 may be
turned ofl for a duration that 1s just sufficient to reset the
inductor current and then may be turned on for the remainder
of the period. In this manner, the inductor current is reset
suificiently to eliminate the bursting behavior, but the syn-
chronous rectifier SW2 remains on for the greatest extent
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possible to optimize efficiency. Switching waveforms 1llus-
trating this approach are shown 1in FIGS. 3A-3C.

In normal operation when 1nput voltage Vin 1s significantly
less than output voltage Vout (FIG. 3A), the converter oper-
ates as a traditional boost converter and the synchronous
rectifier remains on for the entire discharge phase (except
possibly for a very briel duration during the non-overlap
period of switches SW1 and SW2). When the input voltage
Vin 1s close to the output voltage Vout (FIG. 3B), the duty
cycle of SW1 begins to approach the mimmum on-time of
SW1. In this situation, the synchronous rectifier SW2 remains
off for a portion of the discharge phase in order to reset the
inductor current, but then turns on for the remainder of the
discharge period to optimize efficiency. When Vin becomes

equal to Vout (FIG. 3C), the synchronous rectifier SW2
remains off (conducts through the element Z1) for a much
longer duration in order to still reset the inductor current. In
cach of these cases, the synchronous rectifier SW2 1s only
turned oif for the duration of the switching cycle necessary to
reset the mnductor current, thereby optimizing the efficiency
by keeping the synchronous rectifier conducting for the long-
est extent possible.

The output of control circuit U2 may be a digital signal that
controls the time interval during which SW2 conducts. Alter-
natively, the circuit U2 may produce an analog signal that
directly controls the impedance of the rectifier SW2. If the
converter 10 operates 1n a discontinuous conduction mode
(DCM), the circuit U2 may sense the current through SW2
and disable SW2 when the current falls below a predeter-
mined threshold that may be set near a zero level.

To enable various ways of controlling SW2 described 1n
more detail later, a logic circuit 12, such as a NOR gate, may
be provided between the control circuit U2 and the synchro-
nous rectifier SW2. The logic circuit 12 may have one input
connected to the output of the circuit U2, another input con-
nected to the output of control circuit Ul, and an output for
controlling the synchronous rectifier SW2.

In accordance with an exemplary embodiment of the dis-
closure shown i FIG. 4, the control circuit U2 may provide
PWM control of the synchronous rectifier SW2 based on a
difference between the input voltage Vin and the output volt-
age Vout. In particular, the circuit U2 may comprise a
transconductance amplifier U3 having a non-inverting input
supplied with the mput voltage Vin and an mnverting input
responsive to the output voltage Vout. A source of offset
voltage VOS1 may be inserted between the output voltage
terminal and the inverting input of U3. The transconductance
amplifier U3 generates an output current proportional to a
voltage difference at 1ts mputs.

Threshold voltage Vthresh 1s produced at resistor R
coupled to the output of the transconductance amplifier U3.
The threshold voltage Vthresh corresponding to a voltage
difference at the inputs of U3 may be defined as follows:

Gm
Vihresh = ) (Vin — Vour + VOS1),

where Gm 1s the transconductance of the transconductance
amplifier U3, and
R 1s the resistance of the resistor R.
Hence, the threshold voltage Vthresh increases as the mput
voltage Vin approaches and exceeds the output voltage Vout.
A high-gain comparator U4 may be coupled to the output
of U3 to perform pulse width modulation. A source of offset
voltage VOS2 may be mserted between a non-inverting input
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of U4 and the output of U3. An mverting input of U4 1s
supplied with a sawtooth signal Vsaw. The output of U4
produces a square wave signal having the duty cycle that
varies with the threshold voltage Vthresh.

For Vthresh=0V, the small offset voltage VOS2 ensures
that the output o1 U4 1s continuously low and the synchronous
rectifier SW2 1s not disabled at all. As Vthresh increases
above VOS2, the conduction period of the synchronous rec-
tifier SW2 gradually reduces so that synchronous rectifier
SW2 1s gradually disabled for longer and longer periods.
When Vthresh exceeds the peak voltage of the sawtooth sig-
nal Vsaw, the synchronous rectifier SW2 becomes continu-
ously disabled. When the synchronous rectifier SW2 1s dis-
abled, electrical conduction between points P1 and P2 (FIG.
2) 1s provided only through element Z1, such as the body
diode of the P-channel MOSFET that may be used to imple-
ment SW2.

Accordingly, as the mput voltage Vin approaches and
exceeds the output voltage Vout, the control circuit U2 1n FIG.
4 performs PWM control of the synchronous rectifier SW2 so
as to gradually increase the average impedance of SW2 over
an inductor discharge period.

In accordance with another exemplary embodiment of the
present disclosure illustrated 1n FIG. 5, the control circuit U2
may include a set of multiple switches connected 1n parallel
between an input responsive to a difference between the out-
put voltage Vout and the input voltage Vin, and an output that
produces a control signal for controlling a conduction period

of the synchronous rectifier SW2. For example, the set of
switches may include switches SW10, SW20, SW30 and

SW40.

A look-up table may be provided to maintain values for
controlling the switches SW10-SW40. For a particular range
of a difference between Vout and Vin, the look-up table may
contain a respective preprogrammed control value that turns
on a particular switch or a combination of switches to gener-
ate a desired synchronous rectifier control signal. The ranges
of differences between Vout and Vin may be selected for
particular applications. For example:

if (Vout—Vin) exceeds 0.2V, switch SW10 may be turned
on to produce a control signal that would maintain the syn-
chronous rectifier SW2 1n an on-state for entire discharge
state;

if (Vout-Vin)isin therange between 0.2V and 0.0V, switch
SW20 may be turned on to produce a control signal that
would reduce a conduction period of SW2 so as to disable
SW2 for a predetermined time period selected to reset the
inductor current in the worst case during a switching cycle;

il (Vout—Vin) i1s in the range between 0.0V and -0.5V,
switch SW 30 may be turned on to reduce a conduction period
of SW2 so as to disable SW2 for a longer time period during
a switching cycle;

if (Vout—Vin) 1s less than —-0.5V, switch SW40 may be
turned on to produce a control signal that would continuously
disable SW2.

Hence, as the input voltage Vin approaches and exceeds the
output voltage Vout, the control circuit U2 of FIG. 5 incre-
mentally reduces the conduction period of SW2 so as to
gradually increase the average impedance of the SW2 con-
duction path over an inductor discharge period.

In accordance with a further exemplary embodiment
shown 1n FIG. 6, the control circuit U2 controls the synchro-
nous rectifier SW2 based on the on-time period of the power
switch SW1. In particular, the control circuit U2 may include
an mput logic circuit composed of mverter 62 and an AND
gate 64. A first mnput of the AND gate 64 1s coupled to the
inverter 62 supplied with an On signal (FIG. 7) that represents
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an on-time period of the switch SW1, 1.e. the period when the
switch SW1 1s on during a switching cycle. A second input of
the AND gate 64 1s supplied with a Ton_min signal (FIG. 7),
which 1s a fixed pulse starting at the beginning of the switch-
ing cycle of SW1 and having a predetermined minimum
duration Tmin. The Ton_min signal defines the duty cycle D
at which the synchronous rectifier SW2 begins turning oif.
The Tmin duration may be set at a value greater then the
minimum on-time period of SW1 expected 1n the worst case.

The output of the AND gate 64 controls switch SW100 that
connects a current source 11 to capacitor C1. A current source
12 1s connected 1n parallel to the capacitor C1. Via a source of
olfset voltage VOS3, the capacitor C1 and the current source
12 are connected to the non-inverting input of a comparator
US. The inverting input of U5 may be grounded.

As 1llustrated by wavetorms 1n FIG. 7, 11 the power switch
SW1 turns off before Tmin, capacitor C1 begins charging at a
fixed rate set by the current source 11 (the capacitor voltage
Vcap increases). Then, at time Tmin, the capacitor C1 begins
discharging at a rate set by the current source 12. Over the
entire duration for which the voltage Vcap 1s greater than
zero, the synchronous rectifier SW2 1s disabled and conducts
only via the element Z1 such as the body diode of a PMOS
switch. The offset voltage VOS3 provides the comparator US
with a slight offset to maintain 1ts output at a low level when
the capacitor C1 1s discharged to ground.

When the on-time period of the power switch SWI1 1s
greater then Tmin, the capacitor C1 does not charge, and the
synchronous rectifier SW2 will not be disabled at all. In this
case, the synchronous rectifier SW2 remains on for the entire
inductor discharge cycle.

However, 1 the on-time period of SW1 does not exceed T
min, the synchronous rectifier SW2 turns oif for a portion of
the mductor discharge cycle. As Vin approaches Vout, the
on-time period of the power switch SW1 becomes shorter,
and the synchronous rectifier SW2 turns off for longer por-
tions of mductor discharge cycles. Therefore, the duration
during which the synchronous rectifier SW2 1s disabled 1s
proportional to a difference between Tmin and the on-time of
SW1. As the on-time period of SW1 gets shorter, the duration
during which the synchronous rectifier SW2 1s disabled will
get longer to prevent the on-time period of SW1 from reach-
ing the minimum on-time Tmin. The ratio between values of
currents I1 and 12 determines the relationship between the
conduction period of the synchronous rectifier SW2 and the
amount by which the on-time period of SW1 1s shorter then
Tmuin. This ratio may be selected so as to provide the conduc-
tion period of SW2 sufliciently long to reset the inductor
current 1n the worst case taking into account the lowest power
circuit series resistance and the largest minimum on-time
period of SW1.

FIGS. 8A and 8B illustrate the performance enhancement
obtained due to the synchronous rectifier control of the
present disclosure by comparing simulation of a conventional
boost converter 1n low overhead operation and a similar boost
converter using the synchronous rectifier control circuit
shown in FIG. 6. Both converters have the same circuit
parameters (inductance of inductor L equal to 4 uH, capaci-
tance of output capacitor C equal to 4.7 uF, switching fre-
quency of 1 Mhz, load current I, , , of 200 mA, and a mini-
mum on-time period ol 90 ns) and both are operating with low

overhead voltage (Vin=3.93V, Vout=4.0V).

As shown 1n FIGS. 8A and 8B, control of the synchronous
rectifier conduction period in accordance with the present
disclosure leads to complete elimination of the bursting
behavior, resulting in much lower variation of inductor cur-
rent I, and greatly reduced ripple of output voltage Vout. In
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this example, the synchronous rectifier SW2 remains oif for
approximately 450 ns during the inductor discharge cycle to
provide sullicient reset of the inductor current. However, the
synchronous rectifier SW2 1s still on for a significant portion
of the inductor discharge cycle. As a result, power conversion
eificiency 1s substantially improved compared to converters
in which the synchronous rectifier 1s disabled continuously.

FIGS. 9A-9C illustrate simulation results representing a
response of the synchronous boost converter 10 having the
synchronous rectifier control circuit U2 shown 1in FIG. 6 to an
input voltage step from 3.95V t0 3.7V. When the input voltage
Vin steps down to 3.7V, the reverse voltage 1s greater and the
synchronous rectifier SW2 does not need to be turned off for
as long as 1n the case of Vin=3.95V. This simulation shows
that the circuit automatically responds to the reduced input
voltage by keeping the synchronous rectifier SW2 on for a
much longer duration once the mput voltage drops.

FIGS. 10A-10C illustrate simulation results representing a
response of the synchronous boost converter 10 having the
synchronous rectifier control circuit U2 shown in FIG. 6
when the mput voltage Vin steps from 3.95V to 3.5V. With
Vin=3.5V, the power switch on-time period 1s equal to 170 ns.
In this example, Tmin may be set to 150 ns so as to enable the
synchronous rectifier SW2 to remain on for the entire dura-
tion of the discharge phase 1.e. the mput-output voltage diit-
ference 1s sullicient to reset the inductor current without
requiring the synchronous rectifier SW2 to turn off at all.

The simulation results 1n FIGS. 11 A and 11B 1illustrate the
ability of the synchronous boost converter 10 having the
synchronous rectifier control circuit U2 shown in FIG. 6 to
automatically compensate for changes 1n the series resistance
of the inductor discharge path. In the first simulation, the
inductor resistance RL was set to 50 m€2. In the second
simulation, this parameter was increased to 350 m€2. With the
higher-resistance inductor, less conduction time of SW2 1s
necessary to reset the inductor current. The control circuit U2
responds automatically to an increase in the resistance of the
inductor L by reducing the time during which the synchro-
nous rectifier SW2 1s disabled.

It1s noted that 1n a discontinuous conduction mode (DCM),
the control circuit U2 1n FIG. 6 may disable the synchronous
rectifier SW2 for some amount of time whenever the power
switch on-time 1s less then Tmin. As a result, the synchronous
rectifier SW2 will get disabled even 11 Vin 1s much lower then
Vout. This 1s obviously undesirable since 1t may reduce effi-
ciency during DCM operation. To address this problem, the
control circuit U2 may be disabled whenever the converter 10
operates 1n DCM. This disabling can be implemented by
moditying control circuit U2 so that the synchronous rectifier
SW2 is not controlled by the circuit U2 11 the inductor current
reached zero current during the last cycle. It 1s noted that in
DCM, the inductor current can not build up because 1t dis-
charges to zero each cycle. Theretfore, the control circuit U2
can be safely disabled when the converter 10 operates 1n
DCM.

The foregoing description 1llustrates and describes aspects
of the present invention. Additionally, the disclosure shows
and describes only preferred embodiments, but as aforemen-
tioned, it 1s to be understood that the invention 1s capable of
use 1n various other combinations, modifications, and envi-
ronments and 1s capable of changes or modifications within
the scope of the inventive concept as expressed herein, com-
mensurate with the above teachings, and/or the skill or knowl-
edge of the relevant art.

The embodiments described hereinabove are further
intended to explain best modes known of practicing the mnven-
tion and to enable others skilled in the art to utilize the mven-
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tion 1n such, or other, embodiments and with the various
modifications required by the particular applications or uses
of the invention.
Accordingly, the description 1s not intended to limait the inven-
tion to the form disclosed herein. Also, it 1s intended that the
appended claims be construed to include alternative embodi-
ments.
What 1s claimed 1s:
1. A synchronous boost DC/DC conversion system, com-
prising:
an 1mmput for recerving a DC iput voltage, to which an
inductor 1s coupled,
an output for producing a DC output voltage,
a power switch controllable to adjust an output signal of the
conversion system,
a synchronous rectifier configurable to provide a conduc-
tion path between the inductor and the output, and
a control circuit for controlling the synchronous rectifier as
the input voltage approaches the output voltage, so as to
adjust average impedance of the conduction path over a
discharge period of the inductor,
wherein the control circuit 1s configured to continuously
increase the average impedance as the mput voltage
approaches the output voltage.
2. A synchronous boost DC/DC conversion system, com-
prising;:
an mput for receiving a DC input voltage, to which an
inductor 1s coupled,
an output for producing a DC output voltage,
a power switch controllable to adjust an output signal of the
conversion system,
a synchronous rectifier configurable to provide a conduc-
tion path between the inductor and the output, and
a control circuit for controlling the synchronous rectifier as
the input voltage approaches the output voltage, so as to
adjust average impedance of the conduction path over a
discharge period of the inductor,
wherein the control circuit 1s configured to incrementally
increase the average impedance as the mput voltage
approaches the output voltage.
3. A synchronous boost DC/DC conversion system, com-
prising;:
an mput for receiving a DC 1nput voltage, to which an
inductor 1s coupled,
an output for producing a DC output voltage,
a power switch controllable to adjust an output signal of the
conversion system,
a synchronous rectifier configurable to provide a conduc-
tion path between the inductor and the output, and
a control circuit for controlling the synchronous rectifier as
the input voltage approaches or exceeds the output volt-
age, so as to adjust average impedance of the conduction
path over a discharge period of the inductor,
wherein the synchronous rectifier comprises a synchro-
nous switch provided between the inductor and the out-
put, and the control circuit 1s configured to gradually
reduce a conduction period of the synchronous switch as
the input voltage approaches the output voltage.
4. A synchronous boost DC/DC conversion system, com-
prising:
an 1mput for recerving a DC iput voltage, to which an
inductor 1s coupled,
an output for producing a DC output voltage,
a power switch controllable to adjust an output signal of the
conversion system,
a synchronous rectifier configurable to provide a conduc-
tion path between the inductor and the output, and
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a control circuit for controlling the synchronous rectifier as
the input voltage approaches or exceeds the output volt-
age, so as to adjust average impedance of the conduction
path over a discharge period of the inductor,

wherein the synchronous rectifier comprises a synchro-
nous switch provided between the inductor and the out-
put, and the control circuit 1s configured to supply a
pulse-width modulation (PWM) signal to the synchro-
nous switch so as to reduce a conduction period of the
synchronous switch as the input voltage approaches the
output voltage.

5. The system of claim 4, wherein the synchronous switch
1s connected 1n parallel to a shunting element having imped-
ance higher than impedance of the synchronous switch 1n a
conduction state.

6. The system of claim 4, wherein the synchronous switch
includes a P-channel MOSFET element having a gate con-
figured for receiving the mput voltage during a reset portion
of a switching cycle to provide reverse voltage in order to
reset current tlowing through the inductor.

7. The system of claim 4, wherein the control circuit com-
prises a pulse width modulator for producing the PWM signal
having a duty cycle variable with a threshold voltage.

8. The system of claim 7, wherein the threshold voltage
corresponds to a difference between the input voltage and the
output voltage.

9. The circuit of claim 8, wherein the threshold voltage 1s
proportional to a difference between the input voltage and a
sum of the output voltage and a first ofiset voltage.

10. The system of claim 8, wherein the control circuit
comprises a transconductance amplifier for generating output
current proportional to the threshold voltage.

11. The system of claim 8, wherein the pulse width modu-
lator comprises a comparator for comparing a sawtooth signal
with a signal corresponding to the threshold voltage to pro-
duce a signal for controlling the synchronous rectifier.
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12. A method of converting a DC 1nput voltage into a DC
output voltage using a power switch, inductor and a synchro-
nous rectifier, the method comprising the steps of:

controlling the power switch to adjust the output voltage,

and
as the mput voltage approaches the output voltage, adjust-
ing average impedance of the synchronous rectifier over
a discharge period of the inductor,

wherein the average impedance 1s adjusted so as to con-
tinuously increase the average impedance as the input
voltage approaches the output voltage.

13. A method of converting a DC 1nput voltage into a DC
output voltage using a power switch, inductor and a synchro-
nous rectifier, the method comprising the steps of:

controlling the power switch to adjust the output voltage,

and
as the mput voltage approaches the output voltage, adjust-
ing average impedance ol the synchronous rectifier over
a discharge period of the inductor,

wherein the average impedance 1s adjusted so as to 1ncre-
mentally increase the average impedance as the input
voltage approaches the output voltage.

14. A method of converting a DC 1nput voltage into a DC
output voltage using a power switch, inductor and a synchro-
nous rectifier, the method comprising the steps of:

controlling the power switch to adjust the output voltage,

and
as the input voltage approaches the output voltage, adjust-
ing average impedance of the synchronous rectifier over
a discharge period of the inductor,

wherein the average impedance 1s adjusted so as to reduce
a conduction period of the synchronous rectifier as the
input voltage approaches the output voltage.
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